L-norepinephrine (NE) is a neuroendocrine catecholamine that supports bacterial growth by mobilizing iron from a primary source such as holotransferrin to increase its bioavailability for cellular uptake. Iron complexes of NE resemble those of bacterial siderophores that are scavenged by human neutrophil gelatinase-associated lipocalin (NGAL) as part of the innate immune defense. Here, we show that NGAL binds iron-complexed NE, indicating physiological relevance for both bacterial and human iron metabolism. The fluorescence titration of purified recombinant NGAL with the Fe III ⅐ (NE) 3 iron complex revealed high affinity for this ligand, with a K D of 50.6 nM. In contrast, the binding protein FeuA of Bacillus subtilis, which is involved in the bacterial uptake of triscatecholate iron complexes, has a K D for Fe III ⅐ (NE) 3 of 1.6 M, indicating that NGAL is an efficient competitor. Furthermore, NGAL was shown to inhibit the NE-mediated growth of both E. coli and B. subtilis strains that either are capable or incapable of producing their native siderophores enterobactin and bacillibactin, respectively. These experiments suggest that iron-complexed NE directly serves as an iron source for bacterial uptake systems, and that NGAL can function as an antagonist of this iron acquisition process. Interestingly, a functional FeuABC uptake system was shown to be necessary for NE-mediated growth stimulation as well as its NGAL-dependent inhibition. This study demonstrates for the first time that human NGAL not only neutralizes pathogen-derived virulence factors but also can effectively scavenge an iron-chelate complex abundant in the host.
For the purpose of high-affinity iron acquisition, microbes use a broad array of iron chelators, known as siderophores, that are secreted by their own species, by other microbes, or by the host organism (11, 40, 50) . Mammalian pathogens in particular have to cope with strong iron-deprived conditions. There, iron is tightly bound to host proteins, such as serum transferrin, ferritin, or lactoferrin, which leads to an availability of the free metal ion in plasma at concentrations as low as 10 Ϫ24 M (47). Thus, for successful iron acquisition, mammalian pathogens require siderophores with extraordinary affinities.
Among the three general siderophore classes (40) , those of the catecholate type have the highest known Fe 3ϩ affinities. Two outstanding examples are the triscatecholate siderophores enterobactin (Ent) and bacillibactin (BB) of enteric bacteria such as Escherichia coli and Bacillus spp., respectively (Fig. 1) . These siderophores have extremely high complex formation constants, with log K f (complex formation constant) ϭ 49 for Ent (35) and log K f ϭ 47.6 for BB (13) . The acute-phase protein NGAL (also known as lipocalin 2 or siderocalin) sequesters both iron-charged Ent and BB with dissociation constants in the range of 0.4 to 0.5 nM (3, 19, 25) , which in the case of Ent was shown to be pivotal in the innate immune response to bacterial infection (20) .
During coevolution, pathogens evaded NGAL-mediated defense either by the C5 glucosylation of Ent, leading to salmochelins (17, 26) , or by developing novel siderophores such as petrobactin (3) . However, crystallographic studies revealed that NGAL also is able to bind carboxymycobactins produced by Mycobacterium spp. as well as parabactin from Paracoccus denitrificans (28) , a structural analog of vibriobactin from Vibrio cholerae (Fig. 1) . Thus, the NGAL pocket shows a certain plasticity for accommodating a heterogeneous set of catecholic and phenolic iron chelators, which raises the question of whether further interactions with ligands of physiological relevance exist.
Interestingly, small catecholic compounds have Fe 3ϩ complex formation constants that enable them to abstract iron from transferrin, which has a logarithmic association constant of around 22 (36) , and from other iron-binding proteins. The complex formation constant of Fe 3ϩ ⅐ (catechol 2Ϫ ) 3 , for example, is impressively high, with log K f ϭ 45.9 (31) . Thus, even though the bacterial triscatecholate siderophores clearly show greatly superior iron affinities compared to those of iron-binding host proteins, pathogens may benefit not only from iron that is acquired by their own siderophores but also from related catecholic compounds with chelating activity derived from the host.
Indeed, previous studies have shown that commensal or pathogenic bacteria such as Escherichia coli (9, 22, 23) , Salmonella enterica (6, 60) , Vibrio parahaemolyticus (42) , Klebsiella pneumoniae (45) , Pseudomonas aeruginosa (45) , Enterobacter sp. (45) , Shigella sonnei (45) , Staphylococcus aureus (45) , Listeria spp. (10) , and Bordetella bronchiseptica (4) utilize neuroendocrine catecholamines such as L-norepinephrine (NE) and L-epinephrine (EPI), as well as their progenitors L-3,4-dihydroxyphenylalanine (L-DOPA) and dopamine ( Fig. 1) to acquire iron that is bound to serum transferrin or, in some cases, lactoferrin. Studies with E. coli and S. enterica suggested that the Ent system is involved in catecholamine-mediated iron acquisition (6, 9, 22) .
However, components of the Ent utilization pathway were shown to be downregulated in the presence of NE, possibly due to Fur activation as a result of NE-mediated iron delivery (6, 16) . In this context, mutational analyses in S. enterica and E. coli revealed that the utilization of NE as an iron source depends on the presence of the Cir outer membrane receptor and on the TonB energy system for substrate translocation (22, 60) . NE was further shown to complement intragastical Ent-and salmochelin-mediated iron acquisition of S. enterica in a mouse model system, leading to the systemic spread of strains with a functional Cir uptake system (60).
In the present study, we demonstrate that iron-complexed L-norepinephrine [Fe III ⅐ (NE) 3 ] is tightly bound by NGAL. E. coli and Bacillus subtilis strains that are deficient in the production of endogenous siderophores are shown to accept NE as an iron source for growth support, with the FeuABC uptake system of B. subtilis participating in NE utilization. Growth no longer is supported by NE in cultures supplemented with NGAL, thus suggesting its role as a physiological Fe III ⅐ (NE) 3 scavenger.
MATERIALS AND METHODS
Recombinant protein production and purification. All proteins were produced in E. coli strain BL21 (53) . Human NGAL was expressed with N-terminal OmpA signal peptide and C-terminal Strep-tag II from the vector phNGAL14 as described previously (8) . Alternatively, Strep-tag II was exchanged for a C-terminal His 6 tag, yielding the vector pNGAL99. Human tear lipocalin (Tlc) was expressed similarly with N-terminal OmpA signal peptide and the C-terminal Strep-tag II from the vector pTlc3 (8) . B. subtilis FeuA was expressed in the bacterial cytoplasm as C-terminal His 6 tag fusion protein from vector pOK01 (39) .
Recombinant NGAL and Tlc were purified from the periplasmic cell extract as FIG. 1. Chemical structures of neuroendocrine catecholamines shown in the order of their biosynthetic conversion (top), as well as siderophores with known affinity to NGAL (bottom). Enterobactin is produced by enteric bacteria, bacillibactin is produced by Bacillus spp., and parabactin is produced by Paracoccus denitrificans. Carboxymycobactins are produced by mycobacteria with species-dependent lengths of the carboxyalkyl side chain. In Mycobacterium tuberculosis, n ϭ 1 to 5; in Mycobacterium avium, n ϭ 2 to 8; in Mycobacterium smegmatis, n ϭ 2 to 9.
VOL. 54, 2010 NGAL SCAVENGES Fe III ⅐ (NE) 3 1581 previously described (8) . For the production of FeuA, cells were grown in shake flask cultures at 30°C under agitation in LB medium containing 50 g/ml kanamycin (Kan). At an optical density at 550 nm (OD 550 ) of 0.7, 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to induce gene expression, which was continued for 4 h. Cells were harvested and resuspended in 100 mM NaCl, 50 mM NaP i , pH 7.5. Cells then were disrupted by means of a French press, and debris were removed by centrifugation. The clear supernatant was applied onto an IDA-Sepharose column (GE Healthcare, Munich, Germany) charged with ZnSO 4 , and the His 6 -tagged protein was eluted with a linear imidazole concentration gradient from 0 to 250 mM in 100 mM NaCl, 50 mM NaP i , pH 7.5. Elution fractions were pooled, concentrated by ultrafiltration, and applied to gel filtration in the presence of 100 mM NaCl, 10 mM Tris-HCl, pH 8.0, on a HiLoad 16/60 Superdex 75 column using an Ä kta purifier system (GE Healthcare). To remove a contamination of slightly smaller size, the fractions containing the recombinant FeuA (pI ϭ 7.2) were dialyzed against 20 mM Tris-HCl, pH 8.5, and loaded onto a 1-ml Resource Q column (GE Healthcare) on an Ä kta purifier system. Elution was performed with a linear NaCl concentration gradient from 0 to 500 mM in 20 mM Tris-HCl, pH 8.5, over 40 column volumes at a flow rate of 1 ml/min. Elution fractions were analyzed by SDS-PAGE, and pure fractions were pooled and dialyzed against 100 mM NaCl, 10 mM Tris-HCl, pH 8.0. The protein concentration was determined using a molar extinction coefficient as previously reported (39) . Fluorescence titration. Fluorescence titration studies were performed essentially as previously described (8) . The protein solution in 100 mM NaCl, 10 mM Tris-HCl, pH 8.0, was adjusted to the desired concentration, and 2 ml of this solution was applied to a 1-by 1-cm 2 3 ] with respect to the molar protein concentration were freshly prepared in H 2 O. Siderophore ligands enterobactin (Ent) and bacillibactin (BB) were obtained in synthetic form or were isolated from bacterial cultures, respectively, as previously described (18, 39) . Catecholamines L-norepinephrine (NE), L-epinephrine (EPI), L-DOPA, and dopamine were purchased (Alfa Aesar, Karlsruhe, Germany). For charging with iron, ligand solutions were mixed with a fresh FeCl 3 (Sigma-Aldrich, Munich, Germany) solution in H 2 O at the appropriate molar stoichiometry, followed by incubation for 5 min at 20°C. Defined amounts of the iron-ligand solution then were added stepwise to the protein solution. After each titration step, the solution was mixed for 3 min by magnet stirring in the cuvette and then rested for another 2 min before fluorescence was measured. The protein Tyr/Trp fluorescence was excited at 280 nm (slit width, 5 nm) and detected at 340 nm (slit width, 10 nm). Each measurement was averaged for 10 s. In the case of iron-charged enterobactin and bacillibactin, ligand absorption was corrected after analogous titration with a 5 M N-acetyl-tryptophanamide solution as described previously (59) . For the analysis of the fluorescence titration series, data were set to a 100% starting fluorescence intensity and fitted according to the law of mass action for bimolecular complex formation (57) by nonlinear regression analysis (KaleidaGraph software) using the equation
where [P] t and [L] t are total protein and ligand concentrations at each titration step, respectively; f P , f L , and f PL are the relative molar fluorescence coefficients of the free protein, the free ligand, and the protein-ligand complex, respectively; and K D is the dissociation constant. K D and f PL were set as free parameters, while f P was adjusted to the starting fluorescence without ligand (e.g., 100%/M). In the case of iron-catecholamine complexes, f L was set as an additional free parameter to account for intrinsic ligand fluorescence. All titrations also were carried out with either bovine serum albumin (BSA; Sigma-Aldrich) as a control protein or FeCl 3 as a control ligand. Cell growth assays. B. subtilis strains ATCC 21332 (37), ⌬dhbC (BMM100), and ⌬dhbC ⌬feuABC (BMM111) (39) were grown in Belitsky minimal medium (54) with 0.5% (wt/vol) glucose, 4.5 mM Na-glutamate, with the omission of citrate and iron salts. E. coli strains MC4100 (63) and ⌬entC (H5687) (63) were grown in SAPI minimal medium (9) with 0.1% (wt/vol) glucose and 0.001% (wt/vol) thiamine, again with the omission of iron salts. Colonies from each strain freshly grown on LB plates (49) were used for the inoculation of minimal medium, followed by incubation in polypropylene culture tubes at 37°C and 200 rpm for about 12 h. The cell densities of the iron-limited overnight cultures were measured, and cultures were diluted with fresh minimal medium to 10 3 CFU/ml. Diluted cultures then were transferred into 96-well round-bottom polystyrene plates (Nunc, Wiesbaden, Germany) to 100 l/well. Additional components, i.e., NGAL, Tlc, apotransferrin (apoTf; ICN Biomedicals, Eschwege, Germany), holotransferrin (holoTf; Calbiochem, Darmstadt, Germany), NE, EPI, and FeCl 3 , were supplemented in three independent wells for each combination or concentration tested. Empty wells were filled with 100 l sterile medium for the control of contamination and to ensure the homogeneity of a humid atmosphere. Plates were incubated with a lid at 37°C and 500 rpm for 20 h on a microtiter plate shaker (Eppendorf, Hamburg, Germany). For viable cell counting, 20-l samples were taken from each well, including three controls. Eight successive 10-fold dilutions were made from each sample using sterile medium, followed by plating onto LB agar. Colony counts for each triplicate were averaged and plotted with the corresponding standard deviations. For the determination of half-maximal inhibitory concentrations (IC 50 ), colony averages from inhibition cultures were related to those obtained without the addition of inhibitor, and curves were plotted and analyzed according to the model of logarithmic doseresponse (Origin software) using the sigmoidal equation
where cfu i and cfu c are the averaged cell counts of inhibition and control cultures, respectively, A max and A min are the top and the bottom parameters of the curve, respectively, [I] tot is the total inhibitor concentration, and p is the logarithmic slope. Protein crystallization and ligand soaking. A 24.8-mg/ml solution of purified recombinant NGAL carrying the C-terminal Strep-tag II in 100 mM NaCl, 10 mM Tris-HCl, pH 8.0, was subjected to hanging drop vapor diffusion crystallization in combination with microseeding at 20°C (38 
RESULTS
Binding of iron-complexed NE to NGAL and FeuA. Since NGAL is known as a high-affinity scavenger of bacterial catecholate and phenolate siderophores, we investigated whether this protein also is capable of sequestering iron-chelating host molecules with chemically related structures. In this regard, neuroendocrine catecholamines, which often are utilized by microbes as iron sources, appeared to be of particular interest. Thus, corresponding binding studies were performed by the fluorescence titration of recombinant NGAL (Fig. 2) . Titration with iron-complexed NE led to a pronounced fluorescence quenching effect (Fig. 3) . After correction for the intrinsic fluorescence of catecholamine complexes (44), a K D value of 50.6 Ϯ 9.3 nM (Table 1) was determined for the interaction between the preformed Fe III ⅐ (NE) 3 complex (31) and NGAL.
In contrast to NE, titration with iron-complexed EPI (Fig.  3B ) and also with L-DOPA (not shown) did not result in detectable fluorescence quenching, indicating that the iron complexes of these catecholamines do not bind to NGAL with significant affinity. As expected, titration with the known ligands Fe III ⅐ Ent and Fe III ⅐ BB led to strong fluorescence quenching (Fig. 3C, D) , and the resulting K D values of 0.40 Ϯ 0.15 and 0.52 Ϯ 0.16 nM, respectively, are in agreement with previous reports (3, 25) . Titration with dopamine was not possible, since its complexation with Fe 3ϩ led to a precipitate, possibly due to metal-catalyzed melanine formation (34 (Fig. 3F) , which is in agreement with earlier measurements (39) . Notably, the 30-fold-lower affinity of FeuA for Fe III ⅐ (NE) 3 compared to that of NGAL indicates that the latter can act as a potent competitor in binding of this iron complex. The titration of NGAL and FeuA with catecholamine ligands in the absence of Fe 3ϩ did not lead to detectable fluorescence quenching, while titration with FeCl 3 in the higher-micromolar range resulted in unspecific quenching both of the test proteins and of BSA, which served as a negative control.
In earlier experimental studies, the soaking of NGAL protein crystals with iron-complexed siderophores was accompanied by a color change to red-brown, qualitatively indicating accommodation in the ligand pocket of this lipocalin (2, 3, 19) . Consequently, we soaked freshly grown crystals of the recombinant NGAL with Fe III ⅐ (NE) 3 at pH 7.5 and, indeed, the crystals turned from colorless to deep red, while the crystal morphology remained unaffected (Fig. 2) . This observation further supports that iron-complexed NE tightly binds to NGAL in a most likely native conformation, which also should allow the structural elucidation of the complex via X-ray crystallography in the future.
Growth of E. coli and B. subtilis strains in the presence of NE and NGAL. E. coli MC4100 and B. subtilis ATCC 21332 were used as Gram-negative and Gram-positive model strains, respectively, which synthesize the natural triscatecholate siderophores Ent and BB. Since these siderophores are considered the major targets of sequestration by NGAL (3, 25) , cross-binding effects were avoided by using mutant strains deficient in siderophore biosynthesis. The E. coli ⌬entC and B. subtilis ⌬dhbC mutants lack isochorismate synthase activity (39, 63) , thus abolishing the biosynthesis of both the triscatecholate siderophores and their common precursor 2,3-dihydroxybenzoate (DHB), an alternative siderophore that can form an Fe III ⅐ (DHB) 3 complex recognized by NGAL (25) . In a first growth experiment, iron-limited cultures with 10 3 CFU/ml starting inocula were supplemented with 50 M NE, holotransferrin (holoTf), apotransferrin (apoTf), NGAL, and FeCl 3 in different combinations. An NE concentration of 50 M previously was identified to be optimal for the growth of E. coli under similar in vitro conditions (9) and furthermore corresponds to the physiological situation, for example, during traumatic injury in vivo (24, 55, 56) . The concentration of 50 M for Tf was chosen according to its abundance in vivo (48) . After 20 h of culture growth, viable plate counts were determined and CFU were plotted (Fig. 4) .
Neither wild-type (WT) nor mutant strains responded to the addition of NE alone. WT strains were growth stimulated by the addition of holoTf and, in contrast, showed reduced growth when NGAL was added to the cultures. The effects of holoTf and NGAL on WT growth indicated the involvement of their endogenous siderophores in iron acquisition, because the siderophore-deficient mutant strains did not respond to holoTf or NGAL alone. Interestingly, the mutants showed increased growth upon the combined addition of NE and holoTf, indicating that NE is sufficient to mobilize iron from holoTf for bacterial growth without the need of an endogenous siderophore or precursor. However, the triple combination of NE, holoTf, and NGAL led to a significant growth inhibition of WT as well as mutant strains, in particular when NGAL was added at a higher concentration (Fig. 4C) , thus demonstrating its antimicrobial activity.
Control cultures supplemented with apoTf alone or in combination with NE had no significant effect on growth (Fig. 4A,  B) . The marginal growth stimulation of apoTf in combination with NE in the mutant cultures may have been due to residual iron contamination of the apo protein. Supplementation with FeCl 3 led to growth enhancement in all cultures. However, no inhibition was observed in this case upon the addition of NGAL, confirming that the antimicrobial effect of NGAL is confined to conditions of iron limitation, under which siderophore-mediated iron acquisition is crucial.
The NGAL concentrations needed for half-maximal growth 5) . These findings support a direct competitive effect between the bacterial uptake of iron-complexed NE and sequestration by NGAL.
Bacterial growth in the presence of EPI and Tlc. Similarly to NGAL, Tlc is a member of the lipocalin family that exhibits the overall ␤-barrel fold with a central ligand pocket (7) and acts as a scavenger of microbial siderophores (21) . In contrast to the plasma protein NGAL, however, Tlc mainly occurs in secretory fluids and its ligand spectrum is broader, with generally lower affinities. To test the effect of Tlc on NE-dependent growth, recombinant Tlc was produced and purified under similar conditions (Fig. 2) and was added in various concentrations to cultures supplemented with NE and holoTf (Fig.  4C) . In contrast to the addition of NGAL, which significantly reduced NE-dependent growth enhancement in ⌬dhbC or ⌬entC strains, the addition of Tlc had no detectable growth effect.
The influence of NGAL and Tlc also was tested in cultures supplemented with EPI and holoTf (Fig. 4D) . The growth enhancement observed in the presence of EPI and holoTf was comparable to NE-dependent growth stimulation. However, in this case, the addition of neither NGAL nor Tlc led to an inhibitory effect, indicating that EPI is not accessible for sequestration by both lipocalins. Tlc was further subjected to fluorescence titration with Fe 3ϩ complexes of Ent, NE, and EPI. While titration with Fe III ⅐ Ent resulted in detectable The FeuABC uptake system is involved in NE-mediated iron acquisition. The fluorescence titration studies had shown that the bacterial triscatecholate binding protein FeuA possesses affinity for iron-complexed NE (Fig. 3E) . Since the FeuABC transport system serves for the uptake of triscatecholic iron chelators in B. subtilis (39, 46) , we tested whether an feuABC deletion influences NE-dependent growth enhancement and its inhibition in the presence of NGAL. The transporter deletion was introduced into the biosynthesis mutant ⌬dhbC, yielding a ⌬dhbC ⌬feuABC double mutant, and both strains were grown with the addition of NE, EPI, holoTf, NGAL, and Tlc in different combinations (Fig. 6) .
While ⌬dhbC showed NE-and EPI-dependent growth enhancement in the presence of holoTf, the catecholamine-dependent stimulation of growth clearly was impaired in the ⌬dhbC ⌬feuABC background. In contrast, NGAL-mediated inhibition in a concentration-dependent manner was observed for NE-supplemented, but not for EPI-supplemented, ⌬dhbC cultures, whereas this effect was abolished in the ⌬dhbC ⌬feuABC double mutant. This strongly indicated that the FeuABC uptake system is involved in the utilization of ironcomplexed catecholamines to acquire iron for cellular growth. In accordance with the fluorescence titration experiment, the missing NGAL-dependent cellular growth inhibition with holoTf/NE as the iron source in the absence of FeuABC indicates that the antimicrobial effect is due essentially to a direct competition for iron-complexed NE between NGAL and the FeuA(BC) uptake system of B. subtilis.
DISCUSSION
The bacterial utilization of neuroendocrine catecholamines as an iron source is an important aspect of microbe-host interactions. These compounds are abundant in all mammalian hosts such that pathogens could further benefit from increased 
1586
MIETHKE AND SKERRA ANTIMICROB. AGENTS CHEMOTHER.
on July 10, 2017 by guest http://aac.asm.org/ levels during stress or disease states. For example, severe tissue damage in trauma or burn patients causes massive systemic release of NE that can spill over into the intestine, where commensal bacteria that otherwise are limited in iron availability frequently cause intraabdominal sepsis (23, 24) . In the present study, NE-mediated bacterial growth stimulation was observed in siderophore-deficient strains of E. coli and B. subtilis, demonstrating that NE can be utilized as a host-derived iron source that mobilizes this essential element from primary sources such as holoTf. In fact, NE previously was shown to effectively liberate iron from holoTf under dialysis conditions (22) . In B. bronchiseptica, NE alone is sufficient to stimulate cellular growth in serum-supplemented medium and probably is taken up in a TonB-dependent manner, whereas the BfeA outer membrane receptor (OMR), which is NE inducible, is not required for growth stimulation (4, 5) .
In E. coli, the utilization of NE as a direct iron source seems to be strain specific, since defective Ent biosynthesis did not result in NE-dependent growth stimulation in the mutant strains AN193 entA Ϫ (9) and NCTC12900 (O157:H7) entA 55 Fe isotope in strain E2348/69 (O127:H6), thus proving the potential for cellular uptake of iron-complexed NE (23) . Notably, when an S. enterica iroN fepA double mutant was compared to an iroN fepA cir triple mutant, the latter was not growth supported by NE in vivo (60) , indicating that the ability of direct Fe III ⅐ (NE) 3 utilization varies with the individual uptake systems present in E. coli and its relatives. Nevertheless, these experiments showed that the Cir outer membrane receptor is crucial for NE utilization, which is in agreement with its ability to utilize the structurally related 2,3-dihydroxybenzoylserine as an iron source (26) .
The virulence-related role of compounds such as NE or EPI, important hormones and neurotransmitters in the peripheral and central nervous system, illustrates the necessity for the host to control the overall availability of these compounds, in particular in the context of inflammation-associated physiological responses. In this respect, the present study demonstrates that the acute-phase protein NGAL is able to sequester ironcomplexed NE and counteract NE-stimulated growth, which could provide the protection of the host against catecholamine-dependent pathogen spreading, at least in compartments where holoTf and NE are abundant (12, 36) .
The affinity of NGAL for Fe III ⅐ (NE) 3 was found to be significantly higher than that of bacterial FeuA, and indeed, competition with bacterial uptake, in particular via FeuABC, was demonstrated here by means of systematic growth analyses. On the other hand, Tlc, which previously was identified as another siderophore-binding protein in mammals, is unlikely to be involved in Fe III ⅐ (NE) 3 sequestration. This underlines the distinct physiological properties of lipocalin family members even in the case of ligands with related structure and function (8) .
The NGAL concentrations needed to achieve half-maximal bacterial growth inhibition were found to be in the micromolar range. In this context, it should be noted that affinities of OMRs such as FepA, which possesses a K D of Ͻ0.2 nM for Fe III ⅐ Ent, often are impressively high (43) . Hence, the elevated NGAL concentrations needed for growth inhibition in E. coli cultures are consistent with an effective competition of the OMRs for their iron-triscatecholate substrates. Since high NGAL concentrations not only were necessary to compete with FepA-mediated Fe III ⅐ Ent uptake in the WT strain but also to effectively inhibit the growth of ⌬entC in response to NE, an affinity similarly tight as that known between FepA and Fe III ⅐ Ent has to be anticipated for Cir and the iron-NE complex. In contrast, NGAL was found to compete more effectively with iron uptake in B. subtilis, which is in agreement with the general observation that substrate-binding proteins at the extracellular leaflet of the cytoplasmic membrane have lower affinities than OMRs recognizing the same substrate(s) (40) . As an example, E. coli FepA has about 100-fold higher affinity for Fe III ⅐ Ent than the periplasmic binding protein FepB and its homolog FeuA (39, 52, 62) .
Furthermore, enhanced NGAL-dependent growth inhibition in the WT cultures may result not only from the preferred binding of endogenously produced siderophores over exogenously supplied NE to the lipocalin but also from the preferred utilization of the native siderophores by bacterial triscatecholate binding proteins, such as B. subtilis FeuA or E. coli FepB, as shown by protein-ligand binding experiments in this and previous studies (39, 52) .
Interestingly, although B. subtilis is a close relative of mammalian pathogens such as B. anthracis and B. cereus, it is a nonpathogenic bacterium that widely occurs in soil habitats. However, the present study shows that during iron-limited conditions, its growth is supported by catecholamines, such as NE and EPI. This becomes more reasonable considering that these compounds also are abundant in nonmammalian organisms, in particular soil-dwelling invertebrates (32, 58) , and even in plants (33) . In this context, catecholamines and their derivatives may represent important iron-mobilizing compounds for microbes living in the soil and other habitats outside mammalian hosts, a possibility that has not been considered so far.
Earlier binding experiments with Fe III ⅐ (2,3-DHB) 3 and Fe III ⅐ (3,4-DHB) 3 suggested that 3,4-substituted catecholic ligands cause steric conflicts within the ligand pocket of NGAL (3). However, as we were able to detect the binding of Fe III ⅐ (NE) 3 to NGAL in solution and also observed the coloring of protein crystals upon soaking, it is possible that the precise arrangement of the substituents protruding from the aromatic ring plays a more important role than previously assumed (27) . In fact, the modeling of Fe III ⅐ (NE) 3 indicates that at least the lower part of this complex, which should reside at the bottom of the ligand pocket considering the crystal structure with bound Fe III ⅐ Ent (25) , has a rather similar molecular shape and probably can undergo the same interactions with NGAL (Fig. 7) . However, the geometry of the ligand complex should be more flexible in the case of Fe III ⅐ (NE) 3 , because the three individual metal-chelating groups are not covalently cross-linked. To elucidate the exact mode of binding to NGAL, crystallographic studies in the presence of Fe III ⅐ (NE) 3 are under way. In addition to antimicrobiosis, the sequestration of ironcomplexed NE by NGAL is the first example for the interaction of a host-derived ligand with this innate defense protein.
The interaction of NGAL with siderophore-like host compound(s) previously was postulated, as this lipocalin extensively participates in iron trafficking throughout the body and is VOL. 54, 2010 NGAL SCAVENGES Fe III ⅐ (NE) 3 1587
on July 10, 2017 by guest http://aac.asm.org/ Downloaded from associated with physiological processes (41, 51) . Indeed, NGAL seems to deliver scavenged iron-chelate complexes, such as Fe III ⅐ Ent, to the liver, the proximal tubules of the kidney, and the placenta via several endocytic pathways involving cell surface receptors such as megalin (29) and 24p3R (14) . Furthermore, it was shown that the uptake of NGAL in complex with Fe III ⅐ Ent via 24p3R increases the intracellular iron pool, while the uptake of apoNGAL diminishes intracellular iron levels, which leads to cellular apoptosis (14, 15) . NGALmediated iron trafficking can sufficiently complement Tf-mediated iron delivery, as observed in the metanephric mesenchyme, and has important physiological consequences, such as antiapoptotic effects for epithelial progenitors (61) and thyroid tumor cells (30) .
Hence, it was proposed that mammals possess endogenous iron chelators that, similarly to enterobactin, may reside intracellularly (14) or are secreted and can extracellularly charge NGAL with iron. Indeed, siderophore-like activities were observed in the urine of humans, dogs, and mice, and a catechollike constitution was anticipated for the responsible molecule(s) (51) .
In light of our present findings, it is conceivable that catecholamines such as NE act as iron ligands for NGAL as part of physiological iron trafficking and delivery processes. Intracellular iron release from holo-NGAL after uptake into acidic endosomes should be possible with the acid-labile Fe III ⅐ (NE) 3 complex in the same way as it was recently shown for the bacterial Fe III ⅐ Ent ligand (1) . Thus, the present study suggests a role of the NGAL/ Fe III ⅐ (NE) 3 complex formation beyond pathogen defense, which deserves further investigation in the context of NGALmediated iron homeostasis. III ⅐ (NE) 3 complex was modeled starting from a similar geometry using the same software (right). Obviously, Fe III ⅐ (NE) 3 would be able to form similar cation-interactions, as they have been described for Fe III ⅐ Ent bound to NGAL (25) , even though the accommodation of the catechol side chains of NE might require some steric rearrangement at the opening of the ligand pocket. Illustrations were prepared with PyMOL (carbon and hydrogen, white; oxygen, red; nitrogen, blue; iron, orange; De Lano Scientific).
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